Oligoacenes C 4n+2 H 2n+4 ͑n =2, ... ,6͒ are studied using a variety of ab initio methods. Density functional theory ͑DFT͒ optimized geometries were in good agreement with experiment. Vertical and adiabatic ionization potentials and electron affinities were computed with DFT and it was found that standard exchange-correlation ͑xc͒ functionals underestimate ionization potentials in oligoacenes. Possible reasons for this underestimation are discussed. Low lying electronic excitations were computed using time-dependent density functional theory, configuration interaction singles, and configuration interaction singles with approximate treatment of doubles. In agreement with earlier work, time-dependent DFT in conjunction with standard xc-energy functionals substantially underestimates the lowest ͑p͒ singlet-singlet electronic transition.
I. INTRODUCTION
Since its birth, the electronics industry has focused on reducing the size of electronic devices, in order to pack "as many transistors as possible" per unit area. At present, the size of electronic devices is approaching a fundamental limit and it is expected that individual molecules will soon play a vital role as active elements in the circuits. The development of electronic devices based on traditional materials such as silicon and germanium has for sometime been complemented with devices based on organic molecules. Organic electronics is attractive because it is cost effective and because the color of light emission/absorption can be easily adjusted.
Calculations based on ab initio methods can contribute to our understanding of photochemical and electrical properties of these organic materials and guide experimental research. Recently, a number of novel optoelectronic devices based on thin films of pentacene such as field-effect transistors [1] [2] [3] ͑FETs͒ have been realized. Pentacene belongs to a class of polycyclic aromatic hydrocarbon ͑PAH͒ compounds known as oligoacenes which are planar sets of linearly arranged benzene rings with general formula C 4n+2 H 2n+4 . There is great interest in understanding the electronic structure of oligoacenes and, here, a comprehensive ab initio study of oligoacenes ͑n =2, ... ,6͒ is reported ͑ben-zene is not considered in this study due to its special D 6h symmetry͒.
The number of electrons in the largest molecule of the series ͑hexacene͒ is 172. The method of choice for calculation of electronic structure and excitations in oligoacenes is Kohn-Sham ͑KS͒ density functional theory, 4, 5 ͑DFT͒ and, its time-dependent extension, TDDFT ͑Refs. 6 and 7͒ due to the computational simplicity of these methods compared to methods based on approximations to the many-electron wave function. However, it is known that DFT within the local spin density approximation ͑LSDA͒ or generalized gradient approximation ͑GGA͒ strongly overestimates electrical response properties of molecular chains 8, 9 and the description of anions is sometimes problematic due to the incorrect asymptotic behavior of the exchange-correlation ͑xc͒ potential. There is hope to obtain better results with a hybrid approach in which a fraction of "exact" exchange is included in the xc-energy functional, but the standard hybrid xc-energy functional of quantum chemistry B3LYP ͑Ref. 10͒ did not include "extended" molecular chains such as oligoacenes in its molecular fit set. Clearly, applicability of standard DFT methods to investigation of long molecular chains, especially their optical properties, requires careful analysis and our work is a contribution in this area.
There have been several ab initio studies of the electronic structure of oligoacenes ͑and polyacenes͒. [11] [12] [13] [14] [15] [16] [17] [18] [19] The most detailed study of their static properties was presented by Wiberg, 12 who examined structures and energies of oligoacenes n = 1 , . . . , 5 at B3LYP/ 6-311G͑d , p͒ level. Wiberg found that carbon-carbon bond lengths are correlated with the charge density at the bond critical points and with the "-bond indices." Wiberg also calculated vertical ionization potentials of oligoacenes n = 1 , . . . , 4 and concluded that "observed trends are reproduced." Deleuze et al. 14 determined vertical and adiabatic ionization potentials of oligoacenes n = 1 , . . . , 6 with an impressive accuracy of 0.02-0.07 eV using many-body perturbation theory ͑MBPT͒ and focal analysis. Excitation energies have also been calculated. Heinze et al. 15 presented TDDFT singlet-singlet and singlet-triplet vertical excitation energies of oligoacenes computed with LSDA and compared theory and experiment up to n =5. Grimme and Parac 16 computed the two lowest lying singletsinglet excitation energies using TDDFT and the timedependent coupled cluster method with approximate treatment of double excitations 20 ͑CC2͒ and compared the results of their calculation to the experimental data up to n = 6. They concluded that TDDFT in conjunction with standard xcenergy functionals such as GGAs and hybrid methods strongly underestimates the energy of the transition between occupied and unoccupied valence orbitals ͑ Þ * transition͒. Transitions of this type were thought to be described fairly well within TDDFT framework.
In this work a detailed and systematic study of oligoacenes n = 2 , . . . , 6 is presented. Equilibrium geometries, ground state energies, ionization potentials ͑IEs͒, and electron affinities ͑EAs͒ are computed using a variety of xcenergy functionals. Evaluation of the accuracy of DFT methods for calculation of IEs and EAs is especially important since their difference is related to molecular hardness, an analog of the band gap for localized molecular systems. The effect of carbon-carbon bond alternation on the total energy and highest occupied molecular orbital-lowest unoccupied molecular orbital ͑HOMO-LUMO͒ gap is also investigated for the largest molecule of the series, hexacene.
The low lying singlet-singlet and singlet-triplet electronic excitations were computed ͑see Appendix͒ using TD-DFT, an approach which is justified by the Runge-Gross theorem. 6 The vertical excitation energies within linear combination of atomic orbital ͑LCAO͒ formalism are obtained from equations of Casida 7 which have been coded in most quantum chemistry programs. [21] [22] [23] In this work, results are reported for 16 lowest singlet-singlet and singlet-triplet excitation energies using standard GGA-type and hybrid xcenergy functionals.
Excitation energies are also presented using two approximate many-electron wave function approaches: configuration interaction singles 24 ͑CIS͒ and CIS with approximate treatment of doubles ͓CIS͑D͔͒. 25 In the CIS method, the excited state wave function is represented as a linear combination of all singly excited determinants with a determinant composed of Hartree-Fock orbitals as a reference. The CIS method is mostly of qualitative value as Ϸ1 eV overestimations in the excitation energies are common. However, when CIS is corrected using second-order perturbation theory, 25 the errors in the excitation energies are substantially reduced.
II. RESULTS

A. Calculational details
Calculations were performed with the GAUSSIAN 03 electronic structure code 26 using a valence triple zeta basis set 27, 28 augmented with d-and p-polarization functions 29 on carbon and hydrogen, respectively, and diffuse functions 30 on both carbon and hydrogen ͓6-311+ + G͑d , p͔͒, giving a total of 22 basis functions per carbon ͑5s12p5d͒ and 7 basis functions per hydrogen ͑4s3p͒. This basis set adds diffuse functions to that used by Wiberg 12 as these are anticipated to be important in calculation of excitation energies. Tests were performed with a smaller and a larger basis to assess the effects of basis set incompleteness. Tight convergence criteria were used to terminate the self-consistent-field ͑SCF͒ pro-TABLE I. Effect of carbon-carbon bond alternation on the energy and the HOMO-LUMO gap of hexacene. B3LYP/ 6-311+ + G͑d , p͒ calculation. q = 1-"fully alternated" ͑optimized͒ structure and q = 0-all carbon-carbon bond lengths are equal to 1.40 Å except those that are parallel to Oz axis. ⌬E͑q͒ = E͑q͒ − E͑q =1͒-energy difference with the energy of the fully optimized structure as a reference. E gap = LUMO − HOMO -HOMO-LUMO gap. ⌬E gap = E gap ͑q͒ − E gap ͑q =1͒-shrinkage of HOMO-LUMO gap. cedure in all the calculations. The presence of diffuse functions in our basis set led to convergence problems for hexacene which were cured by performing geometry optimization with a smaller basis set and using the output ͑geom-etry and the corresponding SCF solution͒ as the initial guess for optimization with a larger basis set. The LSDA calculations used the Vosko-Wilk-Nusair parametrization of the correlation energy ͑SVWN5͒.
31 The Perdew-Burke-Ernzerhof 32 ͑PBE͒ functional for exchange and correlation was adopted as a representative of the GGA class of functionals, and the B3LYP functional 10 in its GAUSSIAN 03 implementation was used as a hybrid functional representative.
B. Geometry
The geometry optimization of oligoacenes assumed an initial D 2h symmetry and the singlet ground state. Axes were chosen with the oligoacenes lying in the yz plane and the Oy axis along the axis of linear growth of the molecule. The optimized carbon-carbon bond lengths obtained with different DFT xc functionals are shown in Fig. 1 .
The B3LYP/ 6-311+ + G͑d , p͒ geometry optimization is in good agreement with the B3LYP/ 6-311G͑d , p͒ optimization of Wiberg 12 and that of Deleuze et al.: 14 B3LYP/ccpVTZ ͑naphthalene and anthracene͒ and B3LYP/cc-pVDZ ͑naphthacene, pentacene, and hexacene͒. The largest discrepancy with the results of Wiberg is 0.003 Å for the C12-C13 bond of pentacene. The calculated bond lengths tend to be slightly longer than those reported in Refs. 12 and 14, probably due to the presence of diffuse functions in the basis set. Figure 1 shows that carbon-carbon bond lengths computed with DFT satisfy R LSDA Ͻ R B3LYP Ͻ R PBE . Usually, LSDA carbon-carbon bond lengths are shorter than experimental ones and PBE bonds are longer. For naphthalene and anthracene B3LYP gives the best agreement between theory and experiment, and the maximum errors in carbon-carbon bond lengths are 0.006 and 0.005 Å, respectively. The measured bond lengths for naphthacene and pentacene are less accurate than those for naphthalene and anthracene, and no experimental data on the geometry of hexacene have been found. B3LYP and LSDA give the best agreement between theory and experiment for larger oligoacenes. For pentacene, the results of LSDA calculations seem to be in slightly better agreement with experiment than B3LYP results. The longest carbon-carbon bond is the "central" bond aligned along the Oz axis ͑such as C1-C2 bond in naphthalene and anthracene and C12-C13 in naphthacene͒. The other bonds parallel to Oz are also long and do not alternate. The shortest bond is always in the end rings of the oligomer, for example, the C11-C12 bond in naphthalene, C17-C18 in anthracene, and C23-C24 in naphthacene. This is also a region of localization of the HOMO orbitals.
DFT calculations for naphthalene, anthracene, and pentacene reproduce carbon-carbon bond alternation patterns observed experimentally. Figure 2 shows the bond alternation pattern for naphthacene and pentacene computed with the B3LYP ͑the left column͒ and the experimental pattern ͑the right column͒. The reported experimental bond alternation pattern for naphthacene differs from the observed patterns for other oligoacenes, e.g., the reported C24-C25 bond length is 1.46 Å, making it one of the two longest bonds in the molecule. DFT calculations give C24-C25 shorter than C1-C6 and C1-C2, a pattern consistent with bond alternation in other molecules of the series. Apart from the C24-C25 bond in naphthacene, DFT reproduces the experimental bond lengths quite well, and different functionals give qualitatively the same bond alternation pattern in agreement with experiment.
The persistence of bond alternation to larger oligoacenes remains to be seen. As the size of the oligoacene increases, the difference between the adjacent inclined bond lengths decreases in the inner part of the chain. For example, for naphthacene R͑C11-C12͒ -R͑C17-C18͒ = 0.018 Å and for hexacene R͑C17-C18͒ -R͑C23-C24͒ = 0.009 Å, and as the size increases it might be expected that geometries optimized at D 2h symmetry will resemble polyacene with equal bond lengths. However, it is possible that for some n the isomers of C 2h or C 2v symmetry become energetically more favorable with the chain then resembling E-and Z-distorted polyacenes, respectively. 11 According to tight-binding calculations of Niehaus et al. the Z-distorted structure becomes more favorable at n = 20.
The effect of carbon-carbon bond alternation on the energy and the HOMO-LUMO gap has been investigated for the largest molecule of the series, hexacene, at the B3LYP/ 6-311+ + G͑d , p͒ level. This was done by calculating the effect on the Kohn-Sham energy eigenvalues and the total energy of gradually "turning on" the bond alternation through a parameter q from a system where there is none ͑q =0͒, to the fully alternated system ͑q =1͒. The position of the hydrogen atoms and the carbons that define bonds parallel to Oz axis, such as C18-C19 or C24-C25, was fixed at their optimized values. The remaining carbon-carbon bonds had values between an average bond length R CC av = 1.40 Å and the optimized length R CC opt for the particular bond. Accordingly
The results for different q values are summarized in Table I . The total energy drops as the bond alternation increases and there is a net lowering of the energy due to the relaxation of carbon-carbon bonds of about 0.25 eV. This decrease in energy is, however, a small portion of the binding energy which is Ϸ8.3 a.u. at the B3LYP/ 6-311+ + G͑d , p͒ level. It also agrees well with conclusions of Ref. 11 which reported that the energy differences between different isomers of polyacene are of order Ϸ1 kcal/ mol per unit cell ͑for hexacene, 6 ϫ 1 kcal/ mol= 0.26 eV͒.
The bond alternation widens the HOMO-LUMO gap in the Kohn-Sham eigenvalues as illustrated in Fig. 3 which shows the electron density of states in hexacene near the HOMO-LUMO gap. The discrete energy levels in Fig. 3 are artificially broadened by a Gaussian. The increase in the HOMO-LUMO gap due to the bond alternation leads to a lowering of the occupied energy eigenvalues, especially the HOMO, and consequently a lowering of the total energy, and an increase in the stability of the molecule. However, as in the case of the energy, the increase in the HOMO-LUMO gap due to the bond alternation is small. These results complement the rather general arguments of LonguetHiggins and Salem 33, 34 who investigated bond length alternation in long conjugated chain molecules. They showed that the alternation in polyacetylene is a result of a Peierls instability in which an energy gap is formed at the Fermi energy of a half-filled valence band due to the additional periodicity. In contrast, for polyacenes, they found that the valence band is already full and whether or not bond alternation occurs depends on the details of the electronic structure.
C. Ionization potentials and electron affinities
The IE and EA which may be obtained from ground state DFT are quantities affecting the optical properties. These have been computed as the energy differences between the appropriate charged species and neutral molecules using the geometry optimized at B3LYP/ 6-311+ + G͑d , p͒ level as the reference. The results for IEs and EAs at the B3LYP/ 6-311+ + G͑d , p͒ level are summarized in Table II. The table  with the total energies, binding energies, zero-point energy corrections, and HOMO-LUMO KS eigenvalues computed with different xc-energy functionals at the respective optimized geometries can be obtained from the authors.
Results for the vertical IE for oligoacenes n =2, ... ,4 are in good agreement with those reported by Wiberg, 12 with the largest discrepancy being 0.1 eV for n = 2. The adiabatic IEs are 0.1 eV or less below the corresponding IE with the difference decreasing as the size of the chain increases due to the "delocalization" of the excess positive charge. The general trend of the B3LYP results agrees with experiment with the IE decreasing as the size of the chain increases, but both IE ␣ and IE underestimate the experimental values and the discrepancy grows with the size of the oligoacene, reaching 0.4 eV for hexacene. Calculations with a larger Gaussian basis set ͓6-311+ + G͑3df ,3pd͔͒ gave results for n = 2 and 3 that differed from those in Table II by 0.01 eV, verifying that the discrepancy in the ionization potential between B3LYP theory and experiment is not an artifact of the basis set incompleteness.
Possible causes of the underestimation of IEs have been investigated. It does not seem to be a consequence of the "hybrid" nature of B3LYP since GGA ͑PBE͒ calculation of IEs gave results that are Ϸ0.05 eV less than the corresponding B3LYP results. LSDA ͓SVWN5 / 6-311+ + G͑d , p͔͒ calculations of IEs have also been performed at the B3LYP optimized geometries. Since LSDA tends to overbind, it might be expected to overestimate IEs and, indeed, LSDA was found 35 to overestimate ionization potentials for the G2-1 data set. The results for the oligoacenes are 8.18, 7.37, 6.83, 6.44, and 6.15 eV for n =2-6, respectively, which, apart from naphthalene, are still underestimates, although the agreement with experiment is rather good, for the smaller molecules. Furthermore, residual exchange self-interaction does not significantly affect the IEs of the oligoacenes. Table  III list results of Hartree-Fock calculations, in which exchange self-interaction is eliminated, and DFT calculations using the exchange only parts of B3LYP and LSDA, which include some residual self-interaction. Table III shows that the elimination of errors due to self-interaction would not remove the discrepancy in the IEs; in fact, the contrary, the self-interaction error tends to increase the IEs. It seems likely that a better treatment of electron correlation is needed to reproduce experimental IEs.
The electron affinities obtained using B3LYP are also listed in Table II 
D. Excitation energies
Sixteen lowest singlet-singlet and singlet-triplet excitation energies of oligoacenes n = 2 , . . . , 6 computed with TD-DFT using a GGA-type and the hybrid B3LYP xc-energy functional are listed in the Appendix. The excitation energies were computed for the geometry optimized at the B3LYP/ 6-311+ + G͑d , p͒ level. CIS ͑Ref. 24͒ and CIS͑D͒ ͑Ref. 25͒ methods were also used to calculate some excitations. Test showed that increasing the basis set from 6-311 + +G͑d , p͒ to 6-311+ + G͑3df ,3pd͒ changed the excitation energies by less than 0.04 eV, with the low lying excitation energies tending to decrease as the basis set was increased.
Three low lying absorption bands labeled p, ␣, and ␤ are observed in oligoacenes. 37 The p band is polarized along the short axis of the oligomers and the ␣ and ␤ bands along the long axis. The intensity of the ␤ band is the strongest followed by the p and ␣ bands. The orders of the observed frequencies are ␣, p, and ␤ for naphthalene, and p, ␣, and ␤ in the other n = 3 , . . . , 6 oligoacenes. The p excitation corresponds to the HOMO-LUMO transition and the ␣ and ␤ transitions involve mainly HOMO− 1 to LUMO and HOMO to LUMO+ 1 for naphthalene and anthracene, and HOMO − 2 to LUMO and HOMO to LUMO+ 2 for naphthacene, pentacene, and hexacene. All three transitions are between occupied and unoccupied -type molecular orbital ͑ Þ * ͒ transitions. The results of calculations for these three bands are summarized in Table IV .
The theoretical results of Heinze et al. 15 and Grimme and Parac 16 are also listed in Table IV , along with the experimental results of Biermann and Schmidt 37 for oligoacenes in trichlorobenzene solution and include corrections for solvent effects. The energies of the vibrational 0-0 components of UV transitions were estimated and extrapolated to the gas phase by adding 350 cm −1 ͑0.04 eV͒ to the ␣ band and 1400 cm −1 ͑0.17 eV͒ to the p band. 37 Heinze et al. 15 calculated excitation energies using LSDA whereas Grimme and Parac computed vertical excitation energies with the hybrid B3LYP functional. Grimme and Parac also reported excitation energies obtained using the coupled cluster method with approximate treatment of doubles 20 and performed geometry optimization in the excited states for oligoacenes n = 2 , . . . , 4 using TDDFT analytical forces. 38 The effects of geometrical relaxation in the excited states were then used to adjust experimental results 37 for vertical excitations. These adiabatic corrections became smaller as the size of the oligoacene increased, a trend similar for adiabatic corrections to IPs and EAs. We have not performed excited state geometry optimization, and the results in Table IV should be compared with the experimental excitation energies as adjusted by Grimme and Parac. The B3LYP results are in very good agreement with those of Grimme and Parac, 16 and PBE results are in close agreement with the LSDA results of Heinze et al. 15 The results of the TDDFT calculations are in good agreement with experiment for the ␣ and ␤ bands, but there are systematic discrepancies for the p band. The results of our TDDFT and configuration interaction calculations for the p and ␣ bands are illustrated in Fig. 4 . The upper part of Fig. 4 also shows the HOMO-LUMO gap computed with the B3LYP xc functional. The ␣ excitation is described well with the B3LYP functional. The calculated energies are slightly above the experimental values as corrected by Grimme and Parac for n Ͼ 2 and with a maximum discrepancy of 0.3 eV for naphthalene. The GGA ͑PBE͒ results for the ␣ excitation are slight underestimates, but the overall agreement is equally good.
Similarly, GGA ͑PBE͒ and B3LYP describe the ␤ band reasonably well, assuming that the adiabatic corrections are roughly the same as for the ␣ band or smaller.
The TDDFT results for the p excitation are disappointing. As shown in Fig. 4 both the B3LYP and GGA energies lie significantly below the observed values and the disagreement with experiment increases with the size of the molecule, until for hexacene there is a 50% error. Görling 39 has
shown that differences of Kohn-Sham eigenvalues are welldefined approximations for excitation energies and, indeed, Fig. 4 shows that the B3LYP HOMO-LUMO gap is very close to the p excitation energy in the case of oligoacenes, especially for small ones. The CIS method strongly overestimates excitation energies for all the bands, especially the ␤ band. The approximate treatment of doubles using the CIS͑D͒ method improves the results, reducing the excitation energies except for the p excitation in naphthalene. The CIS͑D͒ method is the only one of those used that gives the correct ordering of the p and ␣ bands in naphthalene. It is also noteworthy that the CC2 ͑Ref. 20͒ results of Grimme and Parac seem to be superior to CIS͑D͒ results for the p band and are almost identical for the ␣ band. These results support the conclusion of Grimme and Parac 16 in that it appears that TDDFT with common xc functionals describes reasonably well ␣ and ␤ electronic excitations in oligoacenes but strongly underestimates the p excitation energy. The origin of this difficulty with the p band is likely due to the deficiencies in both the xc potential and the xc kernel. It has been known for sometime that the position of the p band correlates linearly with the first ionization potential. 40 It was shown that the LSDA reproduces experimental IEs of oligoacenes with an accuracy of 0.2 eV; however, its errors for the p band are much greater.
We conclude this discussion with brief mention of the singlet-triplet electronic excitations reported in the Appendix. These excitations are spin forbidden and a careful analysis is needed to interpret the experimental results. Whereas the TDDFT PBE calculation gives singlet-singlet excitation energies that are almost identical to those obtained by Heinze et al. 15 with LSDA, the corresponding singlet-triplet excitation energies reported here differ substantially from those of Ref. 15 . For example, the differences for the lowest lying 1 3 B 1u excitation are 0.23 and 0.18 eV for naphthalene and anthracene, respectively. This discrepancy may be due to the rather old parameterization of the correlation energy used in Ref. 15 . A stability analysis of the SCF solution of the restricted Kohn-Sham equations for oligoacenes was performed according to Ref. 41 . The analysis for hexacene shows the singlet-triplet instability 42 at the B3LYP/ 6-311+ +G͑d , p͒ level. No instability was found with the PBE functional. Baldo et al. 43 predicted similar external instabilities based on an analysis of Hartree-Fock solutions in the framework of the Pariser-Parr-Pople model. [44] [45] [46] 
III. CONCLUSIONS
The DFT study of the structure and optical properties of oligoacenes C 4n+2 H 2n+4 ͑n =2, ... ,6͒ finds optimized geometries in agreement with experiment for naphthalene, anthracene, pentacene, and, with reservations, for naphthacene. The calculations give bond alternation which decreases in amplitude with n in the inner portion of the chain. The bond alternation is not a Peierls instability but leads to widening of a preexisting HOMO-LUMO gap and a lowering of the energy, although the contribution is a small portion of the binding energy. Ionization potentials and electron affinities were also calculated. It was found that DFT methods underestimated the ionization potentials in oligoacenes and that this underestimation is not due to the exchange self-interaction.
The lowest 16 vertical excitation energies were calculated using TDDFT with various xc-energy functionals. Although the measured ␣ and ␤ transitions are described well, the energy of the lowest singlet-singlet p transition is underestimated which suggests the need for further improvement in the xc-energy functionals. The calculation of the optical properties of oligoacenes is a challenge for DFT methods and a greatly improved treatment of electron correlation effects may be necessary, for example, a GW-based approach such as that discussed in Ref. 47 and the references therein. 
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APPENDIX: EXCITATION ENERGIES OF OLIGOACENES
Tables V-XIV contain the first 16 lowest excitation energies of oligoacenes C 4n+2 H 2n+4 , n = 2 , . . . , 6 computed with TDDFT ͓Perdew-Burke-Ernzerhof ͑GGA͒ and B3LYP͔, CIS, and CIS͑D͒. Tran. is the symmetry of the excited state, is the excitation energy in eV, and f is the oscillator strength. All singlet-triplet excitations are "spin forbidden" ͑f =0͒. 
